The development of a sustained-and controlled-release system for drug delivery is one of the most active areas today in the entire field of drug research. Polymeric prodrugs, in which a drug is attached covalently to the polymer backbone and slowly released under appropriate conditions, possess unique properties distinct from those of the corresponding lower molecular weight prodrugs and can be utilized as a sustained-release delivery system. Thus, the chemotherapeutic utility of polymeric prodrugs has been the focus of intense research.
The development of a sustained-and controlled-release system for drug delivery is one of the most active areas today in the entire field of drug research. Polymeric prodrugs, in which a drug is attached covalently to the polymer backbone and slowly released under appropriate conditions, possess unique properties distinct from those of the corresponding lower molecular weight prodrugs and can be utilized as a sustained-release delivery system. Thus, the chemotherapeutic utility of polymeric prodrugs has been the focus of intense research. 1) We have reported the synthesis and nature of drug release of novel polymeric prodrugs prepared by mechanochemical solid-state polymerization.
2) Several important conclusions were reached from a series of such studies. The monomers prepared on the basis of the structural criteria derived from quantum chemical considerations underwent facile mechanochemical solid-state polymerizations to give corresponding polymeric prodrugs essentially quantitatively. 2a,b,e) Thus, this method eliminates the need for any work-up of the reaction mixture. One of the most striking properties observed in such polymers is that the resulting polymeric prodrugs are of very low heterogeneity (narrow molecular weight distribution) represented byM w /M n , (M w , weight average molecular weight;M n , number average molecular weight), which is of great value in pharmaceuticals for highly functionalized polymeric prodrugs. 2b) Therefore, the present reactions seem to be applicable to a wide variety of vinyl monomers of an important class of bioactive compounds with different physicochemical properties and provide a novel and simple methodology for syntheses of polymeric prodrugs through a totally dry process.
It is well known that the physicochemical property of copolymers largely depends on the composition, monomer sequence distribution (MSD) and molecular weight. It is important, therefore, to establish the relationship between the nature of drug release and the physicochemical property of copolymers to synthesize a polymeric prodrug possessing a desired rate of drug release.
The copolymer of acrylamide (1) with sodium acrylate (2), poly(acrylamide-co-sodium acrylate) (3), prepared by radical-initiated solution polymerization is one of the copolymers whose MSD is konwn to be analyzed by the 13 C-NMR.
3) Accordingly, we first synthesized the same type of copolymers (3) by three kinds of polymerization method: conventional radical-initiated solution copolymerization of 1 with 2, mechanochemical solid-state polymerization of 1 or polyacrylamide (1p) with 2. The 13 C-NMR spectra of these copolymers were measured and compared with one another to gain a fundamental insight into the characteristics of the resulting polymers.
We have then prepared the copolymeric prodrugs of 1 with the methacryloyl derivative of 5-fluorouracil (5-Fu) (4), selected as a model drug, by the three kinds of method described above and examine the rate of drug release from the resulting copolymeric prodrugs. The influence of MSD on the nature of drug release of these copolymeric prodrugs is discussed.
Results and Discussion
Difference of the MSD of Poly(acrylamide-co-sodium acrylate) Depending on the Polymerization Methods We have already clarified the mechanism of mechanochemical polymerization. 2b,d ) As shown in Fig. 1 , the mechanism by which this polymerization is initiated involves solid-state single electron transfer (SSET) from the activated metal surface to the vinyl bond of the monomer to produce a corresponding anion radical, followed by the propagation through a radical chain polymerization. The polymerization initiated through the anion radical, however, is only a minor process in the mechanochemical polymerization. The main process is polymerization initiated by the mechanoradical produced in the course of polymer degradation, the so-called "mechanoradical-initiated polymerization".
In general, the radical-initiated solution copolymerization produces a random copolymer ( Fig. 2A) , since both monomers homogeneously dissolve in a solvent except for special cases such as copolymerization of maleic anhydride and styrene, which produces a perfectly alternating copolymer. On the other hand, the radical chain propagation reaction of mechanochemical solid-state copolymerization rapidly proceeds within each particle of powdered monomer, crystalline or amorphous. Therefore, it is assumed that the copolymer produced would be a random copolymer abundant in the longer block consisting of the same repeating units which may be denoted as multi-block copolymers (Fig. 2B ). To our knowledge, however, there is no report on MSD of copolymers produced by mechanochemical solid-state copolymerization. Furthermore, if a mechanically-polymerizable monomer is milled in the presence of some other polymers under anaerobic conditions using a Teflon-made twinshell blender in which the monomer itself does not polymerize, 2b) block copolymers ( Fig. 2C ) would be produced by polymerization initiated by the polymer-derived mechanoradical generated by polymer main chain scission.
There are a number of NMR and IR studies on MSD of several kinds of copolymers. As described above, copolymer 3 prepared by radical-initiated solution copolymerization is one of the copolymers whose MSD can be analyzed by 13 C-NMR.
3) To confirm the difference in MSD of copolymers dependent on the polymerization method, three kinds of copolymer 3 were prepared as follows. Copolymers 3rr and 3rm were prepared by radical-initiated solution and mechanochemical solid-state copolymerization of 1 and 2, respectively. Copolymer 3bm was produced by mechanochemical copolymerization of 1p and 2 using a Teflon-made twin-shell blender for 2 h. Their 13 C-NMR spectra were measured and compared. Figure 3 shows the narrow scan 13 C-NMR of the carbonyl group of three kinds of copolymer 3, together with that of the blendmer produced by the mechanical mixing of 1p and poly(sodium acrylate) (2p). The spectrum of the blendmer is shown in Fig. 3A , and two sharp peaks were observed at d 179.5 and 184.7. Candau and Zekhnini reported chemical shifts for monomer triads, which denote MSD such as 111, 112 and 221 in copolymer 3 (Chart 1).
3) From the literature, two sharp peaks at d 179.5 and 184.7 were assigned to 111 and 222 triads, respectively. This result shows that the mechanical blending causes no change in MSD within a detectable extent. The spectrum of copolymer 3rr (radical-initiated solution copolymerization) is shown in Fig. 3B . This (1p) and Poly(sodium acrylate) (2p), and Poly(acrylamideco-sodium acrylate) (3) Prepared by Three Kinds of Polymerization Method spectrum is essentially identical to that of copolymers prepared by radical-initiated solution copolymerization reported by Candau and Zekhnini. 3) From the literature, two broad peaks at d 180.5 and 183.5 were assigned to 112 and 212 triads, and 221 and 121 triads, respectively. There is no peak assigned to 111 and 222 triads in Fig. 3B . These spectral features show that the copolymer prepared by radical-initiated solution copolymerization is a random copolymer. Figure 3C shows the spectrum of copolymer 3rm (mechanochemical solid-state polymerization of 1 and 2). This spectrum has two relatively sharp and intense peaks at d 179.5 and 184.7, and two broad and small peaks at d 180.5 and 183.5. The former peaks, which are assigned to 111 and 222 triads (vide supra), denote the longer block consisting of the same repeating units (55%), and the latter peaks denote the features of the random copolymer (45%). Based on these MSD features, it is considered that copolymer 3rm is a random copolymer abundant in the long block consisting of the same repeating units (multi-block copolymer). On the other hand, the spectrum of copolymer 3bm (mechanochemical copolymerization of 1p and 2 using a Teflon-made vessel) shown in Fig. 3D has two peaks of 111 and 222 triads (92%) with a broad and very small shoulder peak (8%). This spectral feature is very similar to that shown in Fig. 3A . Considering the mechanism and the spectral feature described above copolymer 3bm should be a block copolymer. Thus, it was clearly shown that mechanochemical polymerization gave the copolymer whose MSD largely differed from that of radicalinitiated solution polymerization.
The Influence of MSD in Copolymeric Prodrugs on the Nature of Hydrolysis It is well known that the rate of drug release from copolymeric prodrugs depends on the copolymer property. The copolymer structure (MSD) is one of the factors affecting the copolymer property. In order to synthesize copolymeric prodrugs possessing suitable drug release properties for chemotherapeutic use, it is important to gain a fundamental insight into the influence of MSD on the nature of drug release from copolymeric prodrugs.
We selected 5-Fu as a model compound and prepared its methacryloyl derivatives (4), 1-(2-methacryloyloxyethyl)carbamoyl-5-fluorouracil. Copolymeric prodrugs (5) consisting of 1 with 4 were synthesized by three kinds of polymerization method (Fig. 4) : Copolymeric prodrug 5rr was prepared by radical-initiated solution copolymerization of 1 and 4. Mechanochemical copolymerization of 1 or 1p with 4 produced copolymeric prodrug 5rm or 5bm, respectively. Random copolymeric prodrug 5rr prepared was fractured by vibratory ball milling (60 Hz, 1 h) to obtain copolymeric prodrug with a limiting molecular weight. In this operation, the particle size of copolymeric prodrug 5rr should have decreased more rapidly. 4) We have confirmed that the particle size of copolymeric prodrug 5rr became almost constant (3.31 mm) by the milling of about 5 min in this experimental condition.
The particle diameter (geometric mean diameter (mm)), number average molecular weight (M n ) and heterogeneity (M w /M n ) of the copolymeric prodrugs are shown in Table 1 . These copolymeric prodrugs are insoluble in water, so that hydrolysis of copolymeric prodrugs was performed in a heterogeneous system.
2e) The particle diameter of copolymeric prodrugs is an important factor affecting the rate of hydrolysis in the heterogeneous system, because the rate of hydrolysis increases with a decrease of the particle diameter of copolymeric prodrugs. The geometric mean diameter of the copolymeric prodrugs shown in Table 1 is similar to one another. The number average molecular weight and heterogeneity of these copolymeric prodrugs were almost the same. We also note that the resulting copolymeric prodrugs are all amorphous based on the measurement of the X-ray diffraction of these copolymeric prodrugs exhibiting no peak for the crystallinity as shown in the monomers but only halo patterns. These results show that the characteristics of copolymeric prodrugs is similar to one another except for MSD. 
Random copolymer (5rr) 3.31 28,000 1.15 Multi-block copolymer (5rm) 3.00 28,000 1.15 Block copolymer (5bm) 2.96 29,000 1.14 in a heterogeneous system. It is shown that the rate of drug release of these copolymeric prodrugs depends on MSD. Random copolymer 5rr is hydrolyzed most easily and mechanochemically produced random copolymer 5rm is the second. Block copolymer 5bm released the drug most slowly. The hydrophilic group of copolymer 5rr is homogeneously arranged in the polymer chain, but that of block copolymer 5bm is arranged heterogeneously (Fig. 2) . These results, therefore, suggest that the rate of drug release of copolymeric prodrugs depends on the arrangement of the hydrophilic group, i.e. MSD, in the polymer chain. Copolymeric prodrugs possessing a desired rate of drug release can be prepared, if the length of each block unit can be controlled by an operational condition of mechanochemical copolymerization. We have demonstrated herein that the rate of drug release can be controlled by MSD design of the copolymeric prodrug. The control of the length of each block unit will be the subject of a forthcoming paper.
Experimental
Acrylamide (1) supplied by Tokyo Kasei Kogyo Co., Ltd. (Japan) is commercially available. It was purified by recrystallization from benzene and dried in vacuo. Sodium acrylate (2) was prepared by neutralization of acrylic acid with sodium hydroxide. Polyacrylamide (1p, 2 g) supplied by Kishida Chemicals Co., Ltd. (Japan) was purified by dissolving in water (50 ml) and after filtering, it was poured into a large amount of acetone (1.5 l) . Precipitated polymers were collected and dried in vacuo at 60°C for three days. Polysodium acrylate (2p) was prepared by a conventional radical-initiated solution polymerization. 1-(2-Methacryloyloxyethyl)carbamoyl-5-fluorouracil (4) was prepared according to the literature.
2f )
Mechanochemical Copolymerization A mixture of 1 (43 mg, 0.61 mmol) and 2 (57 mg, 0.61 mmol) was mechanically fractured under anaerobic conditions (e.g. in nitrogen) by ball milling (6.0 mmf, 890 mg) in a stainless steel twin-shell blender (7.8 mmf, 24 mm long) at room temperature for 2 h at 60 Hz according to the method previously reported. 2b) Residual oxygen in this system was removed with high capacity gas purifier (Supelco, Inc.). The oxygen concentration was monitored with oxygen analyzer (LC 750/PC-120, Toray Engineering Co., Ltd.) and kept below 10 ppm. Mechanochemical copolymerization of 1 (20 mg, 0.28 mmol) and 4 (80 mg, 0.28 mmol) was performed in the same way as described above.
Mechanochemical Block Copolymerization A mixture of 1p (43 mg) and 2 (57 mg, 0.61 mmol) was mechanically fractured in a Teflon-made twin-shell blender for 4 h under anaerobic conditions. Mechanochemical block copolymerization of 1p (20 mg) and 4 (80 mg, 0.28 mmol) was performed in the same way as described above.
Radical-Initiated Solution Copolymerization of 1 with 2 Radical initiated solution polymerization of 1 with 2 was carried out according to the literature.
3) A mixture of 1 (0.6 g, 8.4 mmol), 2 (0.8 g, 7.4 mmol), and 2,2Ј-azobisisobutyronitrile (AIBN) (2 mg) in H 2 O (10 ml) was warmed at 60°C in a sealed glass-made tube under nitrogen for 20 min. The content was poured into a large amount of methanol. The precipitated polymer was collected and dried in vacuo to yield 0.49 g (35%). The composition of this copolymer determined by elemental analysis was 1 : 1.
Preparation of Blendmer of 1p and 2p A mixture of 1p (0.6 g, 8.4 mmol) and 2p (0.8 g, 7.4mmol) was mechanically fractured by ball milling in a stainless steel twin-shell blender for 2 h under anaerobic conditions.
Radical Initiated Solution Copolymerization of 1 with 4 A mixture of 1 (27.5 mg, 0.39 mmol), 4 (223 mg, 0.78 mmol), and AIBN (0.8 mg) in N,N-dimethylformamide (DMF) (3 ml) was warmed at 60°C for 15 h in a manner similar to what was described above. After DMF (5 ml) was added, the content was poured into a large amount of acetone. The precipitated polymer was collected and dried in vacuo to yield 150 mg (60%). The composition of this polymer determined by elemental analysis was 1 : 1. In order to obtain copolymeric prodrugs of low molecular weight, the polymer formed (100 mg) was fractured for 1 h by ball milling in a metallic vessel.
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